A total 20 074 230 sequencing reads were generated by Illumina HiSeq ™ 2500 from three different Toxicodendron vernicifluum tissue samples. In total, 48 693 unigenes with an average length of 703.34 bp were obtained by de novo assembly. 3392 potential EST-SSRs (expressed sequence tag-simple sequence repeat) were identified as potential molecular markers from unigenes with lengths exceeding 1 kb. A total of 80 pairs of PCR primers were randomly selected to validate the assembly quality and develop EST-SSR markers from genomic DNA. Of these primer pairs, 14 primer pairs successfully amplified DNA fragments and detected significant amounts of polymorphism within the lacquer tree population in Langao, Shaanxi province, China. There was high genetic diversity (number of alleles per locus (A) = 2.93, polymorphic information content (PIC) = 0.53, observed heterozygosity (Ho) = 0.62 and expected heterozygosity (He) = 0.85) in the lacquer tree natural population. The four loci deviated significantly from the Hardy-Weinberg equilibrium. These results suggested high homozygosity in the population and low or missing heterozygosity (inbreeding coefficient (Fis) = 0.27). These polymorphic EST-SSR markers will provide the base for further studies of genetic structure and breeding in T. vernicifluum.
Toxicodendron vernicifluum (Stokes) F.A. Barkley (syn. Rhus verniciflua), commonly known as Chinese lacquer, is a deciduous tree of the family Anacardiaceae, which is native to Korea, Japan and China. It is an important plant species both economically and culturally. The tree is the main source of varnish used in handicraft industry (Hashida et al. 2014) . It is also used as food additive, natural dye or in herbal medicine to improve the blood circulation and to prevent blood stasis, while the methanolic extract of the leaves has neuroprotective and anti-inflammatory activity (Cho et al. 2012) . A T. vernicifluum extract has antiproliferative and apoptotic activities in various human cancer cell lines via activation of caspase-9 and inhibition of the PI3KAkt/PKB pathway, as well as antioxidant effects (Kim et al. 2015) , suppresses doi: 10.17221/183/2016-CJGPB the proliferative capability of B lymphoma cells (Lee et al. 2004) . The genetic and structural diversity of the wild populations was rarely explored due to the lack of reliable and informative molecular markers of T. vernicifluum. Recently the genome of Toxicodendron radicans has been sequenced (Hsu et al. 2013) . There are limited genomic resources available for the lacquer tree. Up to now, only 549 expressed sequence tags (ESTs) of Toxicodendron have been deposited in dbEST (http://www.ncbi.nlm.nih.gov/ dbEST/) of GenBank (as of 30/9/2016), including 495 ESTs from T. vernicifluum, 42 from T. radicans, 12 from Toxicodendron succedaneum. Therefore, the EST-SSRs of Toxicodendron are not yet sufficient to explore the genetic diversity and for breeding.
Simple sequence repeat (SSR) markers are useful tools to study the diversity of allelic sequences as they are abundantly dispersed within the genome and have a high polymorphism level, co-dominant inheritance, high reproducibility, and good genome coverage (Li et al. 2004; Kalia et al. 2011; Vieira et al. 2016) . The EST availability increased the possibility of SSR identification in some woody species (Kaur et al. 2012) . As a functional molecular type of markers, EST-SSR markers have the potential for the functional diversity analysis of germplasm collection and may prove to be more useful for marker-assisted selection (Aggarwal et al. 2007 ). The Illumina sequencing technology has been proven to be an efficient option for the discovery of genome-wide EST-SSR markers (Wei et al. 2011; Liu et al. 2012 Liu et al. , 2013 .
In the present study, we have developed microsatellite markers for T. vernicifluum. On the basis of EST-SSR information, the EST resources were characterized. Then the genetic diversity of natural populations of T. vernicifluum was studied using genetic information derived from the microsatellites. The present study will help in future studies on the genetic diversity and population structure of T. vernicifluum and related species.
MATERIAL AND METHODS
Plant material. For Illumina sequencing, plant samples were collected from roots, leaves and stems ( Figure 1A ) of lacquer tree in a nursery, Northwest A&F University, Yangling, Shaanxi province, China. All sampled tissues were immediately frozen in liquid nitrogen and stored at -80°C till RNA extraction.
To explore the genetic variation in the T. vernicifluum population, mature leaves from 120 living individuals were randomly collected in Langao (32018'59''N, 109001'46''E, 946 .3 m a.s.l.), Shaanxi province, P.R. China ( Figure 1B ). The samples were placed in labelled plastic bags containing a silica gel desiccant and then transported to the laboratory for further analysis. The samples were stored at -40°C till DNA extraction.
DNA/RNA extraction, cDNA sequencing and microsatellite loci identification. For Illumina sequencing, the total RNA was isolated from each sample using the OmniPlant RNA Kit (DNase I) (www.cwbiotech.com). Both the quantity and quality of RNA were checked through a Nanodrop ND-2000 spectrophotometer (Thermo Electron Corporation, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, USA). Equal amount of total RNA from each sample was pooled together and sent to Breeding Biotechnologies Co., Ltd., for cDNA library construction and transcriptome sequencing using Illumina HiSeq ™ 2500. SSRs were detected in the Simple Only unigenes that were longer than 1 kb were included in the EST-SSR detection. The parameters were set for the detection of perfect mono-, di-, tri-, tetra-, penta-and hexa-nucleotide motifs with a minimum of 6, 5, 5, 5, and 5 repeats, respectively. Microsatellite loci identification showed simple sequence repeats and they were deposited in GenBank. The ETS-SSR primers were designed for using Primer 5.0 (Clarke & Gorley 2001) . For SSR validation, total genomic DNA was extracted using the plant DNA isolation kit (Norgenbiotek, Canada). Both the quantity and quality of the DNA were checked through a Nanodrop ND-2000 spectrophotometer (Thermo Electron Corporation, USA) and 1.2% agarose gel electrophoresis.
EST-SSR amplification. Ten individuals were used to evaluate the ability of 80 randomly selected primer pairs to produce monomorphic or polymorphic PCR products. PCR reactions were carried out in 25 µl vol. containing 1× PCR buffer, 2.5 µl MgCl 2 , 2 µl dNTP, 0.1 µl of each primer, 1.25U Tag DNA polymerase and 1.5 µl of template DNA. The PCR cycling conditions were as follows: pre-denaturation at 94°C for 3 min, followed by 40 cycles of denaturation at 94°C for 45 s, annealing at 55°C for 45 s, extension at 72°C for 10 min. The PCR products were separated by a Sequi-Gen ® GT DNA electrophoresis system in 8% polyacrylamide gels in TAE buffer and Gelred ™ 10000x stain. Banding patterns had been visualized under UV light, and then they were photographed with GenoCapture. The sizes of PCR products were determined and analysed by Gel Analysis software to the GenoSens1850 Gel Doc System (Clinx Science Instruments Co., Ltd., China). A 50 bp DNA ladder (Invitrogen, USA) was used as standard. Data analysis. The parameters of genetic diversity such as number of alleles per locus (A), observed heterozygosity (Ho) and expected heterozygosity (He) were calculated by the GenAlex 6.5 programs (Peakall & Smouse 2006) . Hardy-Weinberg equilibrium (HWE) was estimated by Arlequin 3.1 (Excoffier et al. 2005) , FSTAT version 2.9.3 (Goudet 1995) was used to calculate the inbreeding coefficient (Fis). The polymorphic information content (PIC) value of each locus was estimated based on the following formula:
where: P i frequency of the i th allele in the genotypes
RESULTS AND DISCUSSION
Annotation and functional characterization of lacquer tree unigenes. The clean reads were assembled by Trinity program (Table 1 ) and 95 316 transcripts were generated with an average length of 1022.1 bp and an N50 length of 1659 bp. A total of 48 693 unigenes was obtained with a mean length of 730.34 bp and an N50 value of 1347 bp. The results show high coverage of transcriptome in the species. The overall functional annotations are shown in Table 2 . A total of 28 722 (58.96%) unigenes of Chinese lacquer were identified. Our result is in line (Liu et al. 2012) , 71.8% in alfalfa (Liu et al. 2013 ) and 53.91% in sesame (Wei et al. 2011) Based on 28 722 non-redundant protein (Nr) annotations, 18 057 (37.08%) unigenes were assigned to Gene Ontology (GO). The GO-annotated unigenes belonged to the biological process, cellular component, and molecular function clusters and were distributed across 51 categories with the dominant group of 46.53% in biological processes, followed by cellular components of 32% and 21.47% in molecular functions (Figure 2 ). These results also confirm previous studies in alfalfa (Liu et al. 2013 ) and sesame (Wei et al. 2011) In addition, all 48 693 unigenes were subjected to a search against the Cluster of Orthologous Groups (COG) database. The 28 722 unigenes showed significant similarity to non-redundant proteins, 8820 (18.11%) were assigned to COG classifications (Figure 3) . Among the 25 COG categories, the cluster for general function prediction represented the largest group, followed by replication, recombination and repair, etc. (Figure 3 ). To further analyse the lacquer tree transcriptome, all 48 693 unigenes were analysed on Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway tools. This process predicted a total of 117 pathways that were represented by 7301 unigenes (Table S1 in Electronic Supplementary Material (ESM) -for the ESM see the electronic version).
EST-SSR identification. All 48 693 unigenes that were identified in the present study were used to the mining of microsatellites which are defined as di-to hexa-nucleotide SSRs with a minimum of five repeats for all motifs. The 10 987 unigenes with lengths greater than 1 kb were screened. Using the SSRIT tool, a total of 3392 potential EST-SSRs were identified, numbers of SSR containing sequences (2843), of which 599 (21.07%) sequences contained more than one EST-SSR, in which 486 sequences contained simple sequence repeats. The mononucleotide repeats were a rich (53.04%) type of SSR, di-and tri-nucleotide repeats were 16.77% and 22.29%, respectively, while tetra-, penta-and hexa-nucleotide repeats had a small percentage of the total SSR motif with 1.06%, 0.32% and 0.35%, respectively (Table 3) . After the most common SSR motif type, i.e. mononucleotide repeats, trinucleotide repeats were the most frequent SSR motif type. While in the Kumpatla and Mukhopadhyay (2005) study mononucleotide repeats and dinucleotide repeats were the most frequent SSR motif type in Vitis vinifera (37.5%; 39%), Arabidopsis thaliana (7.5%; 42.5%), Arachis hypogaea (10%; 49%), Glycine max (20%; 41.5%) and Helianthus annuus (18%; 40%).
The dominant motif in mononucleotide repeats was A/T (99.22%), AG/TC (64.7%) in dinucleotide repeats, followed by AT/TA (30%) and AC/TG (5.3%). In the 10 types of trinucleotide repeats, the four most frequent N -sample size for the lacquer tree population; Ta -annealing temperature; A -number of alleles; PIC -polymorphism information content; Ho -observed heterozygosity; He -expected heterozygosity; Fis -inbreeding coefficient; *indicates significant deviation from Hardy-Weinberg equilibrium (P < 0.05) doi: 10.17221/183/2016-CJGPB motifs were AAG/TTC (31%), ATC/TAG (15.4%), ACC/ TGG (13.4%) and AAT/TTA (11.7%). The most common motif type of tetranucleotide repeats was AAAG/ TTTC (22.5%), followed by AAAT/TTTA (15%) and AATC/TTAG; AATT/TTAA (7.5%) (Figure 4) . The percentages of different motifs in each SSR were similar to previous studies in woody plants such as Salix, Populus, Eucalyptus (He et al. 2015) . SSR marker validation and analysis of genetic diversity. The 6429 pairs of EST-SSR primers were designed by Primer 5.0 based on 3392 EST-SSRs.
Of the 80 pairs randomly tested (Table S2 in ESM), 14 pairs produced PCR products of the expected size and revealed polymorphisms which were used to investigate genetic variation in the lacquer tree population in Langao, Shaanxi province, China. PIC value at each locus ranged from 0.38 to 0.65 with an average of 0.53 (Table 4, Figure 5 ). Botstein et al. (1980) indicated that PIC value higher than 0.5 is considered a highly informative marker, while 0.5 > PIC > 0.25 is a moderately informative marker. In our study, the mean value of PIC (0.53) indicated high polymorphism of loci. In total 41 alleles were identified across the 14 loci, each polymorphic locus possessing 2-4 alleles with average value of 2.93. Ho ranged from 0.17 to 0.82 with average value of 0.62. He ranged from 0.77 to 0.89 with average value of 0.85. There were 4 loci out of the 14 analysed loci that significantly deviated from Hardy-Weinberg equilibrium (P < 0.05) due to an excess of homozygosity (Table 4 ). This result showed that the natural populations of T. vernicifluum maintain a high genetic diversity level. Whereas Hsu et al. (2013) reported the lower genetic diversity levels in Toxicodendron diversilobum (A = 1 to 10; He = 0.1 to 0.87) and Toxicodendron pubescens (A = 2 to 8; He = 0.26 to 0.83). The inbreeding coef- In the studied population, there were positive values of the fixation index, indicating an excess of homozygotes and inbreeding. Generally, the heterozygosity excess is caused by small reproductive population size, overdominance, negative associative mating, or asexual reproduction (Stoeckel et al. 2006) ,
CONCLUSIONS
In the present study, the Illumina HiSeq ™ 2500 platform was used for the profile of T. vernicifluum transcriptome. A total of 48 693 unigenes were identified from a de novo assembly and 486 microsatellite loci were isolated (GenBank code: KU947470 to KU947955). There were 80 pairs in the determined SSR loci that were selected to test the primer amplification efficiency. Among them 14 primer pairs yielded polymorphic and single locus amplification products. Using these SSR primers, it was revealed that natural populations of T. vernicifluum maintained a high level of genetic diversity. Microsatellite markers for T. vernicifluum developed in the present study will provide a platform for the study of genetic diversity, species identification, understanding of the population structure, conservation and breeding of T. vernicifluum.
